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Abstract: Problem statement: Pyrosequencing has the potential to rapidly aridbly sequence
DNA taking advantages over traditional Sanger dixye sequencing approachpproach: A
comprehensive review of the literature on the ppies, applications, challenges and prospects of
pyrosequencing was performeRksults: Pyrosequencing was a DNA sequencing technologydbase
the sequencing-by-synthesis principle. It emplogeres of four enzymes to accurately detect nticlei
acid sequences during the synthesis. Pyrosequertdgthe potential advantages of accuracy,
flexibility, parallel processing and could be easiutomated. The technique dispenses with the need
for labeled primers, labeled nucleotides and gettebphoresis. Pyrosequencing had opened up new
possibilities for performing sequence-based DNAIlgsia. The method had been proven highly
suitable for single nucleotide polymorphism anayand sequencing of short stretches of DNA.
Pyrosequencing had been successful for both coaforg sequencing and de novo sequencing.
By increasing the read length to higher scores landhortening the sequence reaction time per
base calling, pyrosequencing may take over mangdwBreas of DNA sequencing applications as
the trend was directed to analysis of fewer amowfitspecimens and large-scale settings, with
higher throughput and lower cos€onclusion/Recommendations. The Competitiveness of
pyrosequencing with other sequencing methods campeoved in future.
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INTRODUCTION standard for sequencing, it has several limitatisunsh
s- (1) A great limitation of the Sanger sequencing
ethod for larger sequence output is the need dts g
or polymers used as sieving separation media fer th
¥Iuorescently labeled DNA fragments. (2) Relatively

have transformed the field of microbiological resba low number of S"?‘mp'es could be analyzed. in parallel
Sequence determination is most commonly performe&s) '_I'o_tal automation of the sample preparation "”“‘“?h
using di-deoxy chain termination technology (Roriagh 'S difficult. (4) DNA fragments need to be cloneda
2001). The chain termination sequencing methody alsPacteria for larger sequences. (5) High cost of
known as Sanger sequencing, was developed b§equencing. (6) Sequencing errors.6. Level of
Frederick Sanger and colleagues (Sarge., 1977), Sensitivity (generally estimated at 10-20%) insiiéfnt
has been the most widely used sequencing methoe sinfor detection of clinically relevant low-leveinutant

its advent in 1977 and still is in use after mdrant 29  alleles or organisms. (7gis or trans orientation of
years. Despite all the advantages, there are timitm  heterozygous positions may be difficult to resolve
in this method, which could be complemented withduring data analysis. (8) Not readily scalabledbieve
other techniques (Gharizadeh al., 2007). Recently, a throughput capable of efficiently analyzing coexpl
pyrosequencing has emerged as a new sequencimiploid genomes at low cost. (9) de novo genome
methodology (Ronaghi, 2001). assembly is difficult (Ansorge, 2009; Hall, 2007).

Limitations of Sanger Sequencing Method: The

Sanger sequencing method (Sangerl., 1977) has Alternatives of Sanger Sequencing: Many research
been the workhorse technology for DNA sequencingdroups around the world have made effort to develop
since it's invent. Though Sanger method is stillalternative principles of DNA sequencing. Three
considered by the research community as the golthethods that hold great promise are sequencing by

Genome sequencing has provided us with powerf
insights into the genetic make-up of the microkiatld
and has spearheaded a host of revolutionar
technologies, such as microarrays and proteomis th
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hybridization (Bains and Smith, 1988; Drmareial.,  detection device such as A Charge Coupled Device
1989; Khrapkoet al., 1989; Southern, 1989) parallel (CCD) camera or photomultiplier. Apyrase is a
signature sequencing based on ligation and cleavag®!cleotide-degrading enzyme, which continuously
(Brenneret aj', 2000) and pyrosequencing (Ronaghi degrades ATP and non-incorporated dNTPs in the
al., 1996; Ronaghit al., 1998). reaction mixture. There is a certain time interval
(usually 65 sec) between each nucleotide dispemsati
Pyrosequencing: Pyrosequencing technology is a to allow complete degradation. For this reason, ENT
novel DNA sequencing technology, developed at theaddition is performed one at a time (Gharizadeél.,
Royal Institute of Technology (KTH) and is the firs 2007). Because the added nucleotide is known, the
alternative to the conventional Sanger method #®r dsequence of the template can be determined (Ranaghi
novo DNA sequencing. This method relies on the2001). A schematic representation of pyrosequenising
luminometric detection of pyrophosphate that isshown in Fig. 1.
released during primer-directed DNA polymerase  The generated light is observed as a peak signal i
Catalyzeq nucleotide |ncorp0rat|0n. Itis SUItedmxlA the pyrogram (Corresponding to e|ectr0pherogram in
sequencing of up to one hundred bgses and it Oﬁersdideoxy sequencing) proportional to the number of
number of unique advantages (Gharizadeh, 20035 Thiy cleotides incorporated (a triple dGTP incorporati
technique is a widely applicable, alternative appto  generates a triple higher peak) (Gharizaetesi., 2007).
for the detayledhcharacter_|zlat|%n of nucle]:c ac'ds'During this synthesis process, the DNA strand is
Pyrosequencing has potential advantages o aceuracy, iended by complementary nucleotides and the DNA

flexibility, parallel processing and can be easily ;
automated. Furthermore, the technique avoids tee ne sequence is demonstrated by.the pyrogram on arscree
The slope of the ascending curve in a pyrogram

for labeled primers, labeled nucleotides and gel-,. A
electrophoresis. Pyrosequencing has been succéssful displays the activities of DNA polymerase and ATP

both confirmatory sequencing and de neemuencing sulfurylase, the height of the signal shows théveygt
(Ronaghi, 2000). of luciferase and the slope of the descending curve

demonstrates the nucleotide degradation (Gharizadeh
Principles of Pyrosequencing: Pyrosequencing 2003). Base-callings are performed with integrated
technique is based on sequencing-by-synthesisoftware, which has many features for related ShP a
principle (Hyman, 1988; Melamede, 1985) and onsequencing analysis (Gharizadeh al., 2007). The
the detection of released Pyrophosphate (PPi) durinoverall reaction from polymerization to light detiea
DNA synthesis (Ronaghi, 2001). It employs a seriesakes place within 3-4 sec at room temperature
of four enzymes to accurately detect nucleic acidRonaghi, 2001). ATP sulfurylase converts PPi taPAT
sequences during the synthesis. In Pyrosequencing approximately 1.5 sec and the generation oftllgh
(Nyren and Skarpnack, 2001) the sequencing primefciferase takes place in less than 0.2 sec (Ngreh
is hybridized to a single-stranded DNA biotin- Lundin, 1985). Standard pyrosequencing uses the

labeled template and mixed with the enzymes; DNA oow fragment of Escherichia coli DNA Pol |
polymerase, ATP sulfurylase, luciferase and apyras enkovic and Cameron, 1995)

and the substrates adenosine 5 phosphosulfat
(APS) and luciferin (Gharizadedt al., 2007).

Cyelic nucleotide dispensations

Cycles of four deoxynucleotide triphosphates UATP> dGTP> dCTP> dTTP
(dNTPs) are separately added to the reaction naxtur Y
iteratively. The cascade starts with a nucleic acid A polymEsTES 'dGTP%%,,,,F
polymerization reaction in which inorganic PPi is e SN m #

: - s g, cememabd e antp_sANDP/ 4

released as a result of nucleotide incorporation by 7 ATP P
polymerase. Each nucleotide incorporation event is B , G
followed by release of inorganic Pyrophosphate iPi APSATESINYEE Satpsof
a gquantity equimolar to the amount of incorporated Tt ’,,"mfﬂ_ase,O‘yludfmm@,co:
nucleotide. Subsequently the released PPi is TEisae %
guantitatively converted to ATP by ATP sulfurylase
the presence of APS. The generated ATP drives the |xc rac x4 1w o —_ v
luciferase-mediated conversion of luciferin to _11__&____“_l___A_k__J_L__l_L__,f'"* &
oxyluciferin, producing visible light in amountsathare (ST eque | CCDcumemmor

photonultiplier

proportional to the amount of ATPs. The light ireth EmEe

luciferase-catalyzed reaction with a maximum of 560

nanometer wavelength is then detected by a photoRig. 1: Schematic representation of pyrosequencing
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The ATP sulfurylase used in pyrosequencing is amicrofluidic pyroseqeuncing has been integratech wit
recombinant version from the yeast Saccharomycesmulsion PCR and DNA sequencing assembly
cerevisiae (Karamohamedt al., 1999) and the software. The new platform has the ca pacity to
luciferase is from the American firefly Photinusrgys  sequence up to 300,000 samples and generate @ to 2

(Ronaghi, 1999). The apyrase is from Solanumyg million bases at an accuracy of 99% per 4 h
tuber_osum (Pimpernel variety) (Espinocataal., 2003; sequencing run (Gharizadehal ., 2007).
Nourizadet al., 2003).

Advantages of pyroseguencing: Pyrosequencing has Application of pyrosegge_:qcing: Pyrosquencing has
emerged as an alternative method of sequencin 'pened up new pQSS|b|I|t|es fgr performing sequence
Although it has read-length limitations comparedhwi Paséd DNA analysis (Ronaghi, 2001). Pyrosequencing
di-deoxy sequencing, it is a fast method with teae IS Well suited forde novo sequencing and resequencing
read-out that is highly suitable for sequencingrsho (Ronaghi, 2001). Currently, pyrosequencing mettsod i
stretches of DNA (Gharizadehal., 2007). broadly being used in many applications such agl&in
Pyrosequencing employs co-operativity of Nucleotide Polymorphism (SNP)  genotyping
several enzymes to monitor DNA synthesis.(Ahmadianet al., 2000a; Nordstrorat al., 2000; Milan
Parameters such as stability, fidelity, specificity et al., 2000), identification of bacteria (Gharizadeh,
sen_sitivity, KM and kcat are mandatory for_ the 2003; Grahret al., 2003; Jonassoet al., 2002), fungal
optimal performance of the enzymes used in thqgparizadetet al., 2005; Tramat al., 2005) and viral
sequencing reaction. The kinetics of the enzymes Ca‘[yping (Gharizadekt al., 2001; 2003; 2005; Adelsa

be studied in realtime (Gharizadethal., 2003c).
Unlike Sanger sequencing, which lays a readingal" 2005). Moreover, the method has demonstrated the

gap of roughly 20-30 bases from the sequencingastim ability to_ determine difficult seconda_ry structur_es
pyrosequencing can generate sequence signalonaghi, 2001) and perform mutation detection
immediately downstream of the primer. As sequencindAhmadianet al., 2000b; Garciat al., 2000), DNA
starts with the first base next to the annealeth@ri methylation analysis (Nevet al., 2002; Uhlmanret
making primer design becomes more flexible in thisal., 2002), multiplex sequencing (Gharizadethal.,
method. Sample and single-strand DNA preparationgo3a: 2006) (Gharizadedt al., 2003b; Gharizadeh
process is also relatively rapid (about 15 min),levh et al., 2006), tag sequencing of cDNA library

sample preparation takes approximately 4 h for 8ang .
sequencing (60 min for PCR cleanup, 3-4 h for cycli (Nordstrom et al., 2001) and clone checking

amplification and 15 m for dye cleanup). The reagen(Nourizad et al., 2003). Another highly significant

costs are considerably lower for sequencing shor@pplication is whole genome sequencing (Margulies

stretches of DNA compared to currently availableet al., 2005). Some of the potential applications of

methods (Gharizade# al., 2007). pyrosequencing have been described in Table 1.
The pyrosequencing technology has many unique

advantages over other DNA sequencing technologieg.able 1: A collection of microbial applications ngipyrosequencing

H : 'prganism Application Target Reference
Qne ad\{antage 1S that the Order Of nUC|eOtlld‘Eubacteria Profiling and  In stomachs of (®ual., 2003)
dispensation can be easily programmed and altestio Identification  Mongolian without
in the pyrogram pattern reveal mutations, deletimmeg P

insertions. Moreover, this technique is carried out Mixed bacteria Identification  In DNA-contaminated (Grahnet al., 2003)
. ’ . . . . PCR amplifications
real-time, as nucleotide incorporations and balimga of 165 DNA varizble
. an regions
can be observed ContanOUSW for each Sample- |Beneral bacteria Classification, Analysis of 16S Jon@ssoet al., 2002)

addition, the Pyrosequencing method can be autaimate fgpgg;@ggg TDNA fragments
for large-scale screenings (Gharizadehl., 2003c). Lactobacill Identification ~ DNA VRs within (Tamdaget al., 2002)

colonies collected from
normal vaginal fluid

iali i i . i ili Helicobacter pylori  Profiling, NudA protein (Luimdet al., 2003)
Industrialization of pyrosequencing: The av_a|I§1b|I|ty \dentiication 165 DNAVRA and VRS (Senal. 2003;
of an automated system for liquid-phase and subyping Monsteiet al., 2001)
. entincation

pyrosequencing (PSQ 96 system, Listeria Grouping Single Nucleotide (Unnerseaal., 2001)

. H Monocytogenes Polymorphisms (SNP)
http://www.pyrosequencing. com) has allowed the in the inlB gene
technique to be adapted for high-throughput analyseprapilomavius — Typing ( :;\r/w;an Papilloma Virus  (Gbadehet al., 2001)
(Ronaghi, 2001). Pyrosequencing is now being a@plie fuman Monitoring  Resistance to HIV type 1 (O'Meetral., 2001)
in microfluidic format commercially by 454 Life \neoisiceney Protease Inhibitors (P1
Sciences Corporation (Branford' CT' USA) The Viruses Quantitative  Estimation of viral fitnesé.ahseret al., 2003
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Challenges of pyrosequencing: Pyrosequencing was Pyrosequencing has shown excellent accuracy in
earlier limited to sequencing of short stretche®NA,  gnalysis of polymorphic DNA fragments. This
due to the inhibition of apyrase. The natural dAVES o hnology has also been used for quantification of

a substrate for luciferase, resulting in false sege allelic frequency in populations. Pyrosequencingl wi
signals dATP was substituted by dAT®FS (Ronaghkt q y pop - Y q

al., 1996). By introducing the dATR: -S Sp isomer, have a large impact in that area because a langbe
substantial longer reads were achieved. Thi®f samples can be pooled in one pyrosequencing
improvement had a major impact on pyrosequenciad re reaction. A high throughput version of this teclogyl can
length and allowed sequencing of up to one hundases potentially be used for resequencing of genomes.

(Gharizadehet al., 2002) and opened up avenues forpyrosequencing technology is relatively new ancetlies

numﬁrous aplplicatio_lr_ls (Ghariz&@ﬂ 5 2007)' hal ample room for versatile developments in both ckegni
. omopolymer 1S (more than 3-4) are a challenge, ,q instrumentation. This technology is alreadyetand
in Pyrosequencing. Homopolymer string (mainly

homopolymeric T) regions can influence synchronizedCOSt-competitive as compared to the most conveadtion
extension and synthesis of the DNA strand causomg n  Sequencing methods. Work is underway to further
uniform sequence peak heights, affecting the readimprove the chemistry, to measure the sequencing
length and possibly causing sequence errors. Bugfficiency at elevated temperatures and to runehetion
employing Sequenase (Gharizadethal., 2004), an in miniaturized formats (Ronaghi, 2001).
exonuclease deficient T7 DNA polymerase, the poly-T
homopolymer string reads were significantly impridve CONCLUSION
by generation of significantly more synchronized
sequence and uniform signal peaks after  Pyrosequencing method is the first alternative to
homopolymeric T regions (Gharizadetl., 2007). the conventional Sanger di-deoxy method for de novo

An important factor in pyrosequencing is primer DNA sequencing. There are still opportunities for
design for PCR and sequencing. Sequencing primefgrther breakthroughs in this area as only very few
should be checked for self-looping, primer-dimerresearch groups have focused on this method. imefut
(primer-primer hybridizations) and cross-hybridisat  pyrosequencing technology is expected to achieve
(when more than one sequencing primer is used)onger read length, to reduce the sequencing time
(Gharizadelet al., 2007). frame, to decrease the sample quantity and to make

An inherent problem with the described method isfurther improvements in automation.
de novo sequencing of polymorphic regions in
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